ABSTRACT Global warming is expected to increase nocturnal environmental temperatures. We determined how elevated nocturnal versus diurnal temperatures alter Þtness components in the imported cabbageworm (Pieris rapae L.). Full-sib families of P. rapae caterpillars were split into control, increased nocturnal, and increased diurnal temperature treatments. We found signiÞcant variation among families for relative growth rate, development rate, and pupal mass. Some families had a positive correlation between pupal mass and development rate, whereas others had a negative correlation. On average, we found a faster development rate caused by the nocturnal treatment and a smaller pupal mass caused by the nocturnal and diurnal temperature treatments. We found no signiÞcant effect of the temperature treatments on relative growth rate. An exponential growth model suggests that, despite the decreased pupal mass associated with the increased nocturnal temperature regimen, the faster development rate would cause the nocturnal population to multiply more quickly than the control or diurnal populations.
GLOBAL WARMING HAS THE potential to profoundly affect the lives of many organisms, especially ectotherms, whose growth and development rates depend on temperature. The average global temperature could rise anywhere from 2 to 6ЊC in the next century (Houghton 2004) . Studies suggest that the recorded mean global temperature rise thus far is partly caused by a narrowing of the range of temperatures experienced during the day. In some parts of the world, daytime temperatures are increasing, whereas in other parts, daytime temperatures remain constant. However, in virtually every part of the world, nighttime temperatures are increasing at a rate of twice the corresponding daytime temperatures (Easterling et al. 1997 (Easterling et al. , 2000a . Increased temperatures can have a variety of effects on organisms. For example, the incidence of disease may escalate (Harvell et al. 1999) , sexual selection pressures may change (West and Packer 2002) , and the geographic range may either become more widespread or narrow to the point of extinguishing the species altogether (Easterling et al. 2000b ).
An organismÕs response to a temperature increase caused by global warming depends on both genetics and physiology. Genetic variation must exist in the traits of a population for evolution to take place (Roff 2002) . Thus, an understanding of genetic variation and genetic constraints is pivotal in predicting future thermal response of the population at large. Organisms also have physiological mechanisms for coping with thermal changes. For example, all organisms have heat shock proteins that act as molecular chaperones, helping to correct protein conÞgurations that have been altered because of heat stress and to prevent harmful proteinÐprotein interactions (Feder and Krebs 1998) .
Temperature particularly inßuences the life of an ectotherm, determining its body temperature and consequently inßuencing the rate of physiological functions that affect growth and Þtness components (Huey and Kingsolver 1993, Petersen et al. 2000) . Some studies show that an increase in temperature leads to greater population size. For example, increased temperatures caused a laboratory population of Drosophila subobscura (Collin) (Diptera: Drosophilidae) to be larger than the corresponding population raised in cooler temperatures (Davis et al. 1998) . However, other studies show the opposite effect, suggesting that thermal sensitivity may depend on the species of arthropod, the intensity and/or duration of the temperatures experienced, or the degree of stress other factors impose on the organism. For example, temperatures in combination with other stressful factors have been shown to decrease the Þtness of the pitcher-plant mosquito, Wyeomyia smithii (Coquillett) (Diptera: Culicidae), which would lead to a smaller population size (Armbruster et al. 1999 ).
To understand the effect of temperature changes associated with global warming, we studied the imported cabbage white [Pieris rapae L. (Pieridae: Lepidoptera)]. P. rapae is a common pest of the mustard family, Brassicaceae, and because of its global distribution (Scott 1986 , Capinera 2000 , can serve as a model organism for other Lepidoptera. In particular, to estimate variation in the population, we measured Þtness components of families reared in three different temperature regimens. We measured growth and development rates, which are indicators of generation time, and pupal mass, which is an indicator of fecundity (Dennis 1993) . We looked for constraints on the response to global warming in the form of negative correlations among Þtness components. Finally, we made long-range predictions using both a calculation of the intrinsic rate of increase and a simple population growth equation.
Materials and Methods
We established three temperature regimens in environmental chambers: a temperature regimen typical of North Carolina in the summer (Kingsolver et al. 2004, J. G. Kingsolver, unpublished data) , a regimen with increased nocturnal temperatures, and a regimen with increased diurnal temperatures ( Table 1) . All chambers had a photoperiod similar to a summer day (16 L:8 D) , and the North Carolina temperature regimen served as a control in the experiment. The nocturnal treatment consisted of the same daytime temperatures as the control treatment but had nighttime temperatures raised 4ЊC (the median temperature increase expected to occur over the next century; Houghton 2004) above those of the control. The diurnal treatment had the same nighttime temperatures as the control, but daytime temperatures were 4ЊC higher than that of the control. Both the nocturnal and diurnal treatments had the same average temperature over a 24-h period but differed in the distribution of temperatures throughout the day.
In late June 2003, we collected 30 female P. rapae butterßies from two different organic collard farms in Eßand, Orange County, NC. To ensure that offspring from each female could be identiÞed, each butterßy was assigned to its own cage, a 30.5-cm 3 frame with mesh netting, and was provided with a collard plant for oviposition. All collards were of the same variety and age, from the same source (Champion C0350; Territorial Seed, Cottage Grove, OR), and were raised together in the same greenhouse. We placed a 25% honey-water soaked sponge in each cage as a food source. Because the butterßies are attracted to white ßowers, we placed a white paper towel under the plastic cup that elevated the food. The butterßies laid ϳ60 eggs each. It was assumed that all offspring were full-sibs, because female butterßies generally mate only once in the Þeld (Wiklund et al. 2001) .
Females were removed from the plants within 3Ð5 d of capture. The plants were held at room temperature until the eggs hatched. Three to 5 d after hatching, the families were transferred to individual petri dishes (14 cm diameter) containing sufÞcient food and totaling Ϸ35Ð 40 caterpillars per dish to avoid crowding. They were reared on an artiÞcial wheat-germ diet supplemented with dried collards (Petersen et al. 2000) that was replaced every other day.
We reared all the newly transferred caterpillars under control conditions and checked for molting twice a day, in the morning (0900 hours) and afternoon (1600 hours). Because caterpillars molted into the fourth instar, we removed them from the petri dishes, placing them in less-crowded dishes by family so we could watch them more carefully for the molt into the Þfth instar. On reaching the Þfth instar, the caterpillar families were divided into three petri dishes, each eventually containing 12 individuals. For each family, one petri dish was assigned to each of the three treatments. The Þfth instar encompasses Ͼ75% of all larval growth; therefore, measurements taken in the Þfth instar are a good indication of larval thermal sensitivity. Previous studies also indicate that the growth and development of P. rapae is affected thermally in a similar manner in different instars (Chen and Su 1982, Kingsolver 2000) . Additionally, the use of the Þfth instar was a practical consideration. Because of their small size, we were concerned that handling the caterpillars in earlier instars could increase mortality. Within families, once individuals had reached the Þfth instar, caterpillars were assigned treatments in turn. The Þrst caterpillar of a family to molt into the Þfth instar was assigned to the control treatment, the second from the same family was assigned to the nocturnal treatment, and the third to the diurnal treatment, repeatedly until all caterpillars from each family had been assigned. We used seven families to collect our data. Twelve sibs per family from each treatment were used for determining larval growth rate, and 10 sibs per family from each treatment were used for determining development and pupal mass. Two randomly chosen larvae from each family in each treatment were frozen at Ϫ80ЊC to be assayed later for heat shock protein concentration. Larvae were weighed at the beginning of the Þfth instar and 48 h later to determine growth rate. The number of days from the molt into the Þfth instar until pupation was a measure of development time, and the inverse of this value gave us the development rate. Pupae were weighed 24 h after pupation. Approximately 48 h after the beginning of the Þfth instar, during the maximum temperature of all treatments, two randomly chosen individuals from each family were frozen at Ϫ80ЊC. These insects will be used later in heat shock protein assays. We used the results to calculate both the intrinsic rate of increase (the appropriate measure of Þtness for density-independent conditions; Roff 2002) and to understand the long-term effect of global warming on the P. rapae population size. We calculated the intrinsic rate of increase, r, using the equation r ϭ ln(R 0 )/G (Roff 2002) . R 0 is the fecundity of the female, and we used pupal mass as a measure of this fecundity (Dennis 1993) . We measured G, the generation time or age of Þrst reproduction (Roff 2002) , by adding the average time from egg until molt into the Þfth instar (11 d), the development time for Þfth instar to the onset of pupation (this varied with temperature treatment and family), average time for pupation to eclosion (8 d), and 1 d for egg laying. We used our calculated values of r in conjunction with the exponential growth equation N ϭ N 0 e rt to estimate the population after 120 d (t), where N 0 is the initial population (50).
Data were analyzed with one-way ANOVAs using JMP-INTRO, version 4.0.4 (Creighton 2001).
Results
There was signiÞcant variation across the seven families for relative growth rate (F ϭ 5.1424; df ϭ 6,20; P ϭ 0.0078). For example, family L had the greatest average growth rate, 0.07392 ln(mg/mg/h), whereas family H had the lowest average growth rate, 0.05749 ln(mg/mg/h) (Fig. 1a) . Development rate differed signiÞcantly across families (F ϭ 8.9591; df ϭ 6,20; P ϭ 0.0007). Family CC exhibited the fastest average development rate, 0.137 d
Ϫ1
, whereas family H exhibited the slowest average development rate, 0.114 d Ϫ1 (Fig.  1b) . Pupal mass also differed signiÞcantly across families (F ϭ 7.3122; df ϭ 6,20; P ϭ 0.0018). Family M had the largest average pupal mass, 142.6 mg. Family C has the smallest average pupal mass, only 122.2 mg (Fig.  1c) .
While there was signiÞcant variation across the seven families for relative growth rate, the average relative growth rate did not differ signiÞcantly across temperature treatments (F ϭ 1.5048; df ϭ 2,20; P ϭ 0.2611; Fig. 2a ). We did, however, detect a signiÞcant difference in the average development rate of P. rapae across the three temperature treatments (F ϭ 20.7725; df ϭ 2,20; P ϭ 0.0001). Those individuals subjected to the nocturnal treatment developed faster than those in the control or diurnal treatments (Fig. 2b) . Average pupal mass differed signiÞcantly across treatments (F ϭ 12.7381; df ϭ 2,20; P ϭ 0.0011). P. rapae that had been subjected to the increased diurnal or nocturnal temperatures weighed less than those in the control treatment (Fig. 2c) .
We then calculated how the development rate and pupal mass would affect the intrinsic rate of increase and the long-term growth of a P. rapae population. In particular, we were interested in the nocturnal treatment, the treatment that we expect to be most similar to future global warming, and how the apparent tradeoff in response variables (the decreased pupal mass but faster development rate) would affect the Þtness and population size (Table 2) . We found that r was greater in the nocturnal treatment than in the control treatment and was smaller in the diurnal treatment than in the control treatment. The predicted population size was greatest in the nocturnal regimen.
Because there was variation in the responses of the families within treatments (Fig. 3c , nocturnal treatment), we also examined the intrinsic rate of increase and predicted population sizes of individual families in response to the three temperature regimens (Table 3) . Family CC had the greatest calculated value of r, and consequently, the highest predicted population size for all three of the treatments. Family H had the lowest predicted population size under control and nocturnal conditions, and family E had the lowest predicted population size in the diurnal treatment.
Discussion
The North Carolina population of P. rapae contains sufÞcient variation to respond to warming temperatures in the range tested. The high level of variation encountered in a relatively small number of families suggests even more extensive variation may be present in the Þeld. Furthermore, because the intrinsic rate of increase of individuals in the nocturnal treatment was higher than either the control or the diurnal, we predict that global warming will escalate the P. rapae population growth rate.
The response in the Þtness components varied across the temperature treatments. The nocturnal temperature treatment increased the development rate (Fig. 2b) , implying that global warming would induce a shorter generation time and the population would grow more quickly. By increasing the nighttime temperatures, there was less variation in temperature over a 24-h period, creating more consistent warmth throughout the day. Thus, it is possible that the nocturnal temperature treatment affected P. rapae because it eliminated a cooling-off period for the day. Unlike development rate, pupal mass, an indicator of potential fecundity (Dennis 1993) , declined with both nocturnal and diurnal temperature treatments (Fig.  2c) , suggesting that this could decrease population growth with global warming. Whatever dampening effect this decline had, however, was overcompensated for by the shortened generation time in the nocturnal treatment.
We did not detect a signiÞcant effect of temperature on relative growth rate, but it is possible that this was because of our sample size. The trend in the data suggests that the increased temperature could slow growth rate, but this remains to be conÞrmed.
While the mean response to the nocturnal treatment was an increased development rate but decreased pupal mass, we found that individual families responded differently to the treatments. There were a few high-performing families, like families M and CC (Figs. 1b and c) , which had both a fast development rate and a large pupal mass, attributes imparting an advantage under anticipated global warming patterns. In contrast, family H exhibited a large average pupal mass but a slow development rate (Figs. 1b and c) .
We found four different types of outcomes in family response to temperature treatments. For example, the development rate of family E was greater than that of family L under control temperatures but was less than family L in the diurnal treatment (Fig. 3b) . In contrast, some families perform similarly across treatments, either always performing well or always performing poorly. A third pattern is shown by families E and L for development rate (Fig. 3b) , in that both families performed better in the nocturnal treatment than in the control treatment. Finally, there was little variation under control conditions among families in pupal mass, but differences among families were relatively great in the nocturnal treatment (Fig. 3c) . In other words, phenotypic variance depended on the environment.
Our calculations of population growth (Table 2 ) took into account our calculations of r, which depended on the effect that the treatment had on both pupal mass and development rate. If global warming primarily increases nocturnal temperatures (Easterling et al. 1997 (Easterling et al. , 2000a ), our population model suggests that the average P. rapae population will grow more rapidly with global warming than under current conditions. Our predictions are limited to the exponential growth phase of a population and do not take into account intra-and interspecies interactions such as competition in a changing environment, a factor that could inßuence the population size (Davis et al. 1998 ). Even our limited results, however, warrant further study. Our results took into account speciÞc times during the lifecycle. A more comprehensive study could examine the growth and development rates of all instars. However, our model results offer the general conclusion of an escalating population growth. Despite the limitations of this model, the results indicate that the time of day that increased temperatures are experienced has a signiÞcant effect of growth and development and that it is unrealistic to use constant temperature models to study the effects of global warming. Furthermore, it is important to remember that temperatures experienced with global warming could potentially be more extreme than those we used; however, we avoided using any extreme temperatures to minimize mortality. Studies that limit thermal conditions to avoid extreme loss of Þtness underestimate the ways in which populations will be affected by temperature (Bradshaw et al. 2004) .
In examining the intrinsic rate of increase and the population growth model for individual families (Table 3), we found that they would respond in different waysÑsome families can be expected to perform well under global warming conditions (such as family CC), whereas others (such as family D) are expected to grow more slowly than if conditions remained as they are today. Families with tradeoffs in pupal mass and development rate (such as family E) would be constrained in their response to increased nocturnal temperatures. To the extent that the families represent different genotypic variation for the response to temperature regimens, our models suggest that we can expect global warming to act as a means of selection.
Further studies will examine the physiological basis for these responses in the Þtness components. For example, different development rates may be the result of differential production of heat shock proteins. Heat shock proteins could be an important factor inßuencing development because they serve as chaperones ensuring that newly synthesized proteins are trafÞcked properly (Feder and Krebs 1998) . We plan to assay two individuals from each family within each treatment for Hsp70 to determine if it contributes to the response in the Þtness components. In summary, we found that North Carolina families of P. rapae vary in their responses to predicted global warming climate changes. Our study was unique in examining the distribution of temperatures over time as opposed to previous studies that focused on changes in mean temperature only and subjected insects to constant temperatures (Kingsolver and Woods 1997 , Petersen et al. 2000 . Clearly, the time of day that insects are exposed to particular temperatures has a large impact on their growth, development, and Þt-ness, and we encourage other global warming studies to take the same approach.
